ABSTRACT: This paper evaluates the feasibility of using shredded tires for removal of organic compounds from landfill leachate. From the batch sorption isotherm experiments, tire chips were found to have 1.4% to 5.6% of the sorption capacity of granular activated carbon on a volume basis. The sorption equilibrium occurred within 2 days for 0.6-, 1.3-, and 2.5-cm size tire chips. The capacity of tire chips to adsorb organic compounds in a multisolute system was almost equal to that in singlesolute systems. Only 3.4% to 7.9% of the organic compounds sorbed in tire chips were desorbed. A design method was proposed to estimate the thickness of a tire layer required for a target organic compound removal from the landfill leachate based on a structure-activity relationship obtained from laboratory tests. Water Environ. Res., 68, 4 (1996).
The management of scrap tires has become a growing problem in recent years. Annually over 240 million scrap tires are generated in the U.S. (Scrap Tire Management Council, 1990 ; U.S. EPA, 199 I). Additionally, approximately 2 billion waste tires have accumulated in stockpiles or uncontrolled tire dumps across the country (U.S. EPA, 1991) . It is estimated that less than 7% of the 240 million tires discarded in 1990 were recycled into new products and about 1 1 % were converted into energy. Over 77%, or about 188 million tires per year, were landfilled, stockpiled, or illegally dumped, and the remaining 5% were exported. Whole tires are difficult to landfill because they tend to float to the surface and also take up a large volume of valuable landfill space. Stockpiles of scrap tires are located in many communities, resulting in public health, environmental, and aesthetic problems. The piled tires provide breeding sites for mosquitoes, which can spread serious diseases and bear potential fire hazards. The simple disposal methods thus bring in public health, aesthetic, and environmental problems. Desirable disposal methods should at least include three facets: minimum environmental impact, maximum reutilization of potential resources, and economic feasibility.
Tires are principally composed of vulcanized rubber, rubberized fabric containing reinforcing textile cords, steel or fabric belts, and steel wire-reinforced rubber beads. Although natural rubber is still used in tires, synthetic rubbers have become an integral part of modern tire manufacturing. Styrene-butadiene rubber (SBR) is the most important synthetic rubber used by the tire industry. This is a result of its good mechanical and physical properties coupled with its favorable cost. The SBR is made by copolymerizing 75% butadiene and 25% styrene. Other elastomers such as natural rubber (cis-polyisoprene), synthetic cis-polyisoprene, and cis-polybutadiene are also used in tires in varying amounts. Carbon black is used to strengthen the rubber and aid abrasion resistance. Extender oil, a mixture of aromatic hydrocarbons, serves to soften the rubber and improve workability. Sulfur, the vulcanizing agent, is used to cross-link the polymer chains within the rubber and to harden and prevent excessive deformation at elevated temperatures. The accelerator is typically an organosulfur compound that acts as a catalyst for the vulcanization process. Zinc oxide and stearic acid also act to control the vulcanization process and to enhance the physical properties of the rubber (Dodds et al., 1983) . A typical composition of tire rubber is shown in Table I . Park et al. (1991a) investigated the permeation of organic compounds through SBR gaskets used for potable water distribution systems and found a high organic compound sorption capacity for SBR. Many hazardous organic compounds have recently been detected in leachate from industrial hazardouswaste and municipal solid waste landfills (Gibbons et al., 1992) . However, both the earthen liners and geomembranes (flexible membrane liners) were found to have limited abilities for containing organic compounds (Park et al., 1991b; Edil et al., 1992a; Sakti et a/., 1992; Park and Nibras, 1993; Park et al., 1994) .
Park et al.
(1 99 1 b) evaluated the effect of organic carbon content in clay using the Ogata and Banks' solution with the parameters commonly encountered in hazardous-waste landfill sites (Figure 1) . The left-hand abscissa denotes the pore volume. The right-hand abscissa denotes the time when the breakthrough curve reaches 10% of the initial concentration (0.1 Co). In the case of methylene chloride, the breakthrough time was not significantly affected by an organic carbon content of up to 1%. However, toluene and trichloroethylene (TCE) breakthrough times were greatly affected by organic carbon content. It was postulated that the breakthrough time could be significantly retarded by installing a layer(s) of shredded tire chips in proper locations in landfills.
There may be some concern over a potential detrimental and environmental impact caused by scrap tires. EPA's toxicity characteristics leaching procedure (TCLP) was used for various types of tires under different scrap tire processing scenarios (House of Representatives, 1990) . Carbon disulfide was detected ranging from no detection to 0.067 mg/L. Toluene was detected at the range from 0.007 to 0.19 mg/L. Phenol was detected at the range of no detection to 0.046 mg/L. Trace levels of barium, reported were below EPA's regulatory levels (House of Representatives, 1990) . Another series of leaching tests using the American Foundry Society (AFS) procedure was conducted by the Wisconsin Department of Natural Resources (Grefe, 1989 , it must stay abreast of such developments. With an increasing volume of high #ality submissions, WER d q y see the need to move toward more frequent publication or a larger issue size. The value 6f an archival research journal arises from quality and timeliness, and vigilance in guarding against undue publication'lag time is always necessary.
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He is joined by Dr. Glen Daigger and DP'Richard Speece, who are joining the Board as new editors, and by the five other continuing and dedicated members. I>wish them well, and look forward to seeing the evolving changes as a reader. toxicity test results for barium, cadmium, chromium, lead, and mercury were all below the detection limits. Additionally, leachate generated by percolating water through tire chips used in construction of a roadway was monitored in the field for a period of 2 years for a range of parameters (Edil and Bosscher, 1992) .
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On the basis all of these studies, it can be said that the potential leaching of toxic pollutants from scrap tires is minimal. The objectives of this research were: (1) to determine the capacity of shredded tires to adsorb and desorb hazardous organic compounds, (2) to estimate the partition and diffusion coefficients of organic compounds in tire chips, and (3) to develop design guidelines for use of shredded tires in landfill.
Materials and Methods
Shredded tires were obtained from a local tire processor. No attempt was made to separate tires based on different manufacturers or sizes. The density of shredded tires with metal material was measured to be 1.22 g/cm3. Before tests, the tires were washed with deionized water, dried in a 40°C oven for a day, and stored in a desiccator. The tire chip sizes tested ranged from 0.6 to 2.5 cm.
Methylene chloride (MC), TCE, toluene, and m-xylene were selected for testing. These organic compounds are the most frequently detected compounds at waste disposal sites (Plumb and Pitchford, 1985; Gibbons et al., 1992) . The organic compounds selected cover wide ranges of the aqueous solubility (S) and the molecular weight (MW).
Gas chromatographic analysis was performed on a Varian 3600 gas chromatograph with 60-m-long, 0.25-mm ID Supel- W organic carbon cowax-10 megabore column and a flame ionization detector (FID). An aliquot of 2-pL sample was directly injected into the column using a gas-tight microsyringe. Helium was used as a camer gas. The column temperature was programmed to initially hold at 60°C for 5 minutes, then climb to 230°C at a rate of 15"C/min and then to hold for 1 minute. A Vanan@ 1093 Septum Equipped Programmable Injector was programmed to start at 50"C, to immediately climb to 230°C at a rate of 150"C/ min, and then hold for 1 minute to clean any potential contamination of the injector by residual organic compounds. The FID detection limits were approximately 0.5 mg/L for MC and TCE and 0.3 mg/L for toluene and m-xylene, respectively. A series of batch sorption-desorption tests were conducted using tire chips. The batch sorption test consisted of submerging tire chips in a 350-mL glass reactor, mixing the tire chips with the solution containing target organic compounds for up to 2 weeks, and measuring the concentration periodically. Each reactor is 15-cm long and 5-cm in diameter with a sampling port and Teflon@ plugs. Four glass reactors were used and rotated by a rotary agitator. All experiments were conducted in a 20°C constant temperature room. There was no significant loss of target organic compounds through reactor joints for a week (<5%). After equilibrium was achieved, the solution containing the target organic compounds was replaced with deionized water and a desorption test was performed for I days.
The partition coefficient, K, expresses the ability of the tire chip to sorb organic compounds from the solution. K is the ratio between the organic compound concentration in the medium and the organic compound concentration in sorbate at equilibrium as follows:
Where Cs = the organic compound concentration in tire chips, mg/ Cl= the organic compound concentration in the liquid, mg/ L; and K can be determined from the experimental data using the following relationship:
Where Meq = the weight of organic compound sorbed at equilibrium, The length of the solution in contact with both sides of the tire chip, 2A, is the ratio of solution volume to the surface area of the tire chip. The boundary and initial conditions are:
The analytical solution of Equation 4 subject to Equations 5 and 6 is approximated as follows (Crank, 1975) :
where T = D X t/12 and a = A/K X 1.
The sorption half-time, t I J 2 , is defined as the time when C,/ C0 is 0.5. Equation 7 can be converted to the following equation by using the sorption half-time, tlJ2 (Reynolds et al., 1990 unit volume of tire chip; and VI is a function of the organic compound sorbed, Le., weight gain, and is given as:
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Results and Discussion
A series of batch sorption tests were conducted using only a single compound to assess the sorption capacity of tire chips.
The K and D values were estimated using Equations 2 and 8, respectively. The concentration changes over time were predicted using Equation 7 with these estimated K and D values and compared with the measured concentrations to assess the accuracy of this data analysis method. Figure 2 gives a comparison of the predicted curve and the measured data, typical of the case for other organic compounds tested. It can be seen that the predicted curve using the estimated K and D values is in good agreement with the observed data. Thus, this method was used to determine K and D values throughout the study. Table 2 summarizes the single-solute sorption test results for tire chips along with Meq/Ms values for granular activated carbon (GAC), which are calculated on the basis of the parameters reported by Dobbs and Cohen ( 1980) . Because of its higher octanolwater partition coefficient and lower solubility, m-xylene had 2 to 3.5 times greater partition coefficients than toluene and TCE. As expected, MC has the lowest partition coefficient because of high solubility and a low octanol-water partition coefficient, but the highest diffusion coefficient because of its smaller molecular diameter. It can be seen thqt tire chips had 1% to 4% of the GAC sorption capacities. Because tire chips have approximately 1.4 times greater apparent density than GAC, the sorption capacity of tire chips per unit volume would be approximately 1.4% to 5.6% that of GAC.
The thermodynamic relationship of M,,IM, and C, , / S for the results of single-solute experiments expressed in Equation 9 is plotted in Figure 3 . The thermodynamic model appeared to predict the sorption of organic compounds to tire chips accurately.
Another series of batch sorption tests was conducted to investigate the effect of organic compound mixtures on sorption capacity. The MC, TCE, and toluene were added simultaneously to a reactor. The experimental conditions and results for the batch sorption test are summarized in Table 3 . Tire chip size varied from 0.6 to 2.5 cm and tire-liquid ratios from 0.75% to I. 12% by volume. There seemed to be no significant difference between the sorption capacities for the multi-and single-solute systems.
The changes in the liquid phase TCE concentration over time for three different tire chip sizes from a multisolute test are shown in Figure 4 . The half sorption times for TCE and toluene were approximately 3 times less for 1.3-cm-size tire chips than with 2.5-cm chips. However, the half sorption times for 0.6-cm-size tire chips were practically the same as the 1.3-cm-size tire chips. The equilibrium concentrations for different tire chip sizes were almost the same. The equilibrium was reached within 2 days for TCE and toluene; thus, the reaction rate may not be a limiting factor if tire chips are used in landfills as a sorbent. This indicates that the size of the tire chips does not need to be smaller than 1.3 cm. Practical tire chip sizes would range from 1.3 to 2.5 cm or even greater.
Park et al. (199 la) found that the partition and diffusion coefficients can be predicted from the relationships with the octanolwater partition coefficient (Kow) and the molecular diameter (D,), respectively. Figure 5 shows the logarithmic relationship between the measured partition coefficient and KO,. Sorption-desorption tests were also conducted with tire chips (Table 4) . During desorption, the mass of compound sorbed previously was not leached out completely. After desorption reached equilibrium, most of the organic compounds sorbed still remained in the solid phase. Of the organic compounds sorbed in tire chips, only 3.5% to 7.9% were desorbed, indicating the desorption is irreversible.
A continuous-flow experiment may be more suitable for evaluating the sorption capacity of tire chips in landfills. However, the sorption of organic compounds onto tires was relatively fast and reached equilibrium within a few days. Considering the detention time of leachate in landfills, the batch results could be January/February 1996 I 37 x 10-7 1.59 x 10-7 NAb a Not available, because the concentration decrease of methylene chloride was too small to observe the f,,?, it was not possible to estimate the diffusion coefficient Not available, the same method for the diffusion coefficient could not be used because the shape of the tire chips changed The diffusion through the sides of chips could not be ignored used for field conditions. Equations 12 and 13 allow the prediction of the partition and diffusion coefficients for various organic compounds, which, in turn, allows the estimation of the sorption capacity and rate. The thickness of the tire chip layer needed to remove a given amount of organic compounds, d (cm), may then be determined in a waste management system using the following relationship:
Where n = the porosity of the tire chip layer and Ma = the required mass of tire chips per unit area, (kg/ac).
If a certain percentage of these organic compounds needs to be removed from the leachate, then the mass of tire chips required can be estimated as follows:
f.Q,.td.pl. lo3 Note that the tire chip layer depth is not a function of organic compound concentration but a function of the fraction of organic compound to be removed. Let's assume that the leachate generation rate in a landfill is 600 m3/ac/yr (typically 20% of the annual precipitation), the concentration of benzene, TCE, m-xylene, and pentachlorophenol (PCP) is 1 mg/L each, and a landfill design life time is 20 years. For 90% removal of each organic compound over 20 years of the landfill design life, the thickness of a tire chip layer is estimated to be 39. 4, 22.4, 8.7 , and 0.7 cm, respectively. If a 30-cm-thick tire layer is used, then the removal efficiencies of benzene, TCE, m-xylene, and pentachlorophenol are expected to be 86.4%, 90.3%, 94.6%, and 99.0%. Figure 7 shows the required tire layer thickness for 90% organic compound removal over various design lives. As a rule of thumb, 10 automobile tires are needed to form a 10-cm-thick layer over 1-m2 area.
It should be noted that organic compounds that require large quantities of shredded tires tend to be more biodegradable. In general, the compounds with high solubilities (>2 000 mg/L) and less chlorine atoms (<2 clilorines) are relatively easy to biodegrade. Therefore, it may not be necessary to increase the thickness to much greater than 30 cm.
As shown in the aqueous phase batch isotherm tests, tire chips could sorb significant ayounts of organic compounds. The installation of a 15-to 30-cm-thick tire chip layer over the landfill liner could result in three major advantages: (1) retardation of potentially hazardous organic compound movement from landfills by'sorption, (2) an effective avenue of disposal for scrap vehicle tires, and (3) substitution of sand and gravel typically used in the drainage layer of the leachate collection system by tire chips (tire chips behave as an excellent drainage material as shown by Edil et al., 1992b) . One study indicated tha: in the protective cover and primary leachate collection system, which consists of a minimum 45-cm-thick layer of select granular material overlain by a minimum 15-cm-thick additional layer of an alternative select-free draining material, the replacement of the overlaying 1 5-cm-thick select-free draining material by tire chips could result in 40% cost saving (Waste Management of North America, Inc., 1990). The following additional advantages are also likely to be achieved: (1) decreasing persistent organic compound concentration in liquid phase, (2) furnishing a longer detention time for acclimation and biodegradation, (3) providing ideal sites for microbial consortia to grow, and (4) maintaining constant liquid phase concentration by sorption or desorption.
Conclusions
From the batch isotherm experiments using shredded tire chips, the following conclusions can be drawn. Tire chips are found to have relatively high organic compound sorption cqpacities. Tire chips have 1.4% to 5.6% of the sorption capacity of granular activated carbon on a volume basis. The sorption equilibrium occurs within 2 days for 0.6-, 1.3-and 2.5-cm-size tire chips, although the sorption rates for 0.6-and 1.3-cm-size tire chips are slightly faster than 2.5-cm-size tire chips. Recommended tire chip size would be 2.5 cm. The capacity of tire chips to adsorb organic compounds in a multisolute system was not much different from that in single-solute systems. The partition coefficient increases logarithmically with the octanol-water partition coefficient, and the diffusion coefficient decreases with increasing molecular diameter. Of the organic compounds sorbed in tire chips, only 3.5% to 7.9% were desorbed. The partition coefficient after desorption tests were 2 to 15 times greater than those obtained from sorption tests. A 30-cm-thick tire chip layer as a primary leachate collection system is expected to sorb significant levels of organic compounds, thereby reducing the liquid phase concentration. This will result in the mitigation of organic compound movement from landfills.
